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(54) Biodegradable stent 

(57) An expandable, biodegradable stent for use 
within a body lumen comprises a hollow tube made from 
a copolymer of L-lactide and e-caprolactone that is not 
plastically expandable at normal body temperatures, 



and that is expandable using thermo-mechanical means 
at a temperature between about 38-55°C using a bal- 
loon catheter. The invention also relates to a method of 
making such a stent and to a method of deploying such 
a stent within the body. 
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Backg round the Invention 
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^Stypeof stent caused in ^«?«^^W^53S 

One su^enTis disclosed in Palmaz, United S^HZi^^ by percutaneous* inserting it into a 
£e Palmaz patents, an unexpanded stent >s permanently implanted. Upon reac ,ng .the 

vessel using a catheter, and guiding the stent to the srte when « and concomitantly a portion ofthe stent also » 
sfte o implantation, the balloon portion of the ca theter » «^ J"^ un til the stent is sized appro- 

expanded so.ery as a resuft of the «^ M h ^22w£ JSLi and the catheter is removed from the 
pSy for the Implanon site. Thereafter, ^ Palmaz are made of a metal or arcn^- 
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"e oyi to its predetermined, optima, ^^^t^. Both self-expanding and expanse 
ihe lumen, thereby causing a primary or secondary implantation in the body, .ncrease the nsk 

« stents tha are known in the art, because they are designed 1or perman ^ by d, g 

o restenosis, thrombosis or other adverse medical effects Qf ^ products) _ ^ ^e- 

£sue adverse reaction by the material ^ used for such stents, because t ey are 

ture that can be mechanically expanded '"tralumina ly £y ^ ^^ jtcell 0 ^ nt0 occur, rom the intima or med.al.n.ng 
smooth muscle cell migration and pro.iferat.on may be lacement oI the stent. Thus, stents such 
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needed to open the stent, biological considerations (such as designing the stent to limit cell ingrowth and migration, 
for example) frequently play a secondary role or no role at all. 

Still another disadvantage of existing stents is that the materials from which they are made are rigid, and therefore 
the compliance of the stents (Le., the ability to control the flexibility of the material used to design stents for particular 
s applications) is limited. This has the disadvantage of exposing patients to risks associated with the placement of a 
device that may exhibit a rigidity in excess of that needed for the particular application. 

Most conventional stents also are capable of being used as drug delivery systems when they are coated with a 
biodegradable coating that contains the drug to be delivered. The amount of the drug that can be delivered, and the 
time over which it may be released, therefore may be limited by the quantity of coating employed. 
10 Beck et al., United States Patent No. 5,147,385, discloses the use of a degradable, mechanically expandable stent 

prepared from poly(e-caprolactone) or similar polymers that melt between 45-75 c, C, because the melted polymer may 
be expanded in such a manner as to adapt to the body lumen in which it is deployed. At the same time, because poly 
(e-caprolactone) enters a liquid phase in the temperature range that Beck discloses (at about 60°C), the ability to 
achieve controlled, improved strength characteristics using the stent described by Beck is limited. Furthermore, the 
J5 temperature range described by Beck et al. is well-above the glass-transition temperature for poly(e-caprolactone). 
This limits the ability of a stent made according to Beck et al. to resist radially compressive forces imparted by the 
lumen upon the stent without creeping or relaxing, introducing a substantial risk of occluding the lumen. Alternatively, 
one might use massive structures made according to Beck et al. to keep the lumen open, but in so doing, the normal 
function of the lumen would be perturbed significantly, possibly creating regions where flow of body liquids through the 
20 lumen would be severely restricted or stagnate, so that clots may form in those regions. 

Slepian et al., United States Patent No. 5,213,580, discloses an endoluminal sealing process using a poly(capro- 
lactone) material that is flowable at temperatures above 60-80*C. According to Slepian, this flowable material is able 
to conform to irregularities on the inner surface of the body lumen in which it is deployed. 

Goldberg et al., United States Patent No. 5,085,629, discloses the manufacture of a urethral stent made from a 
2S terpolymer of L-lactide, glycolide, and e-caprolactone, which is selected to permit the stent to degrade within the body 
Goldberg does not, however, disclose the use of an expandable stent, nor does Goldberg et al. provide any information 
regarding the design of the stent or its method of deployment within the body. 

Thus, a stent that overcomes the problems just identified, while at the same time providing or enhancing the 
benefits that result from the use of stents, is needed to improve patient safety and recovery. 

30 

Summary of the Invention 

The present invention seeks to overcome those problems by providing an expandable, biodegradable stent for 
use within a body lumen. The invention consists in essence of a hollow tube made from a copolymer of L-lactide and 

35 e-caprolactone that, in unexpanded form, is of a first diameter sufficient to be retained upon a balloon catheter for 
placement within the body lumen. The stent is not expandable at normal body temperatures. The stent is expandable 
using a thermally-assisted mechanical expansion process at a temperature between about 38-55°C, to a second di- 
ameter sufficiently large to be retained in place within the body lumen. The invention also is found in a method of 
making that stent, and in a method of deploying such a stent within the body. 

40 it is thus an object of the invention to provide a biodegradable stent that can be deployed in the body for a sufficient 

period of time to permit the site to be supported by the stent to heal, remodel, and grow strong, and thereafter to be 
absorbed into the body, thus reducing the risk of thrombosis or other adverse health effects associated with foreign 
materials in the body. 

It is still another object of the invention to provide such a stent which can be deployed percutaneousty by taking 
45 advantage of thermally-activated properties that permit the stent to be permanently deformed at temperatures just 
above normal body temperature, while remaining sufficiently rigid at body temperature to provide for mechanical support 
of the surrounding tissue. 

Another object of the invention is to provide a stent that can be designed with a variable geometry and compliance 
to permit the designer and/or surgeon to tailor the characteristics of a particular stent to fit its application more precisely 
50 than is presently possible. 

Still another object of the invention is to provide such a stent made from a material that permits the use of the stent 
as a drug delivery system to promote healing at the site of deployment. These and other objects of the invention are 
achieved as described below. 

55 Brief Description of the Drawings 

Figure 1 is an illustration of an embodiment of an unexpanded stent according to the present invention. Figures 
2-4 are plan drawings of various perforation patterns useful for stents made according to the invention. Figure 5 is an 
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^ transition temperature will vary ^ n ^^^^Z^ "expansion" means that the potymer 



4 



EP 0 809 981 A1 



heat and mechanical force. Thus, in the useful temperature range, the copolymer undergoes a transition from a glassy 
state, in which the copolymer is strong and stiff, and exhibits less than about 3% elongation, to a rubbery state in which 
the material becomes elastic, leathery, pliable, and undergoes more than about 200% elongation. It is believed that if 
the temperature needed to expand the copolymer is significantly higher than 55°C, the heat needed to expand the 
copolymer may adversely affect the surrounding tissue by burning or otherwise damaging it, thereby interfering with 
healing following the deployment of the stent. At the same time, however, if the expansion temperature of the polymer 
is below about 38°C, there is a risk that the stent will soften in the body and collapse if the temperature rises as a result 
of fever or other similar circumstance. This creates a risk of restenosis or other adverse conditions resulting from 
collapse or deformation of the softened stent. 

Some mechanical properties of the poly(L-lactide-e-caprolactone) copolymer are set forth in Table 1 . Thus, it is 
believed copolymers having a molar ratio of L-lactide to e-caprolactone of about 90:10 to about 98:2 (as determined 
by conventional NMR analysis) are useful in the present invention. 
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L-lactide 
(mol %> 

86 



e-caprolactone 
(mo*%) 



14 



Mehing 
Point 
(°C) 

130-140 



91 



141-165 



Sample 
Temper- 
ature 

CO 

35 
37 
40 
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45 
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53 
35 
37 
40 
42 
45 
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35 
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45 
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50 
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Modulus or 
Elasticity 
(MPa) 

1134 
878 
818 
338 
148 
136 
17 

1916 
1690 
1809 
1432 . 
758 
1051 
352 
121 
1309 
910 
1225 
1451 
591 
991 
499 
1035 
1147 
1233 
1013 
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(%> 
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382.5 
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393.2 
2.8 
2.8 
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151.7 
375.2 
356.7 
381.7 
383.3 
3 

2.9 
88.1 
192.5 
318.7 
340.7 
324.3 
3.07 
3.58 
2.9 
6.14 
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L-lactide 
(mol %) 



c^aproUctone 
(mol %) 



Melting 
Point 

CO 
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166.24* 



Sample 
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1467 
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1 by an asterisk). . tpmDerature on the strain of each of the materials tested. 

V Figure 6 shows the effects of material composmon and W"*" Softens beginning at just above the body 
From the data plotted in Figu res 6A and 6B, it can b e see , » tto one g ^ ^ ^ 

Lmparature (around 38'C). and that P'«"^^^ beginning at a slightly 

For the reasons noted above, the preferred ^^^^g at lower temperatures in stents having 
higher temperature, around 43°C. The figures also revea ™ above body tempe rature, copolymers 

a higher e-capro.actone content. Thus, as shown £ elongation up to temperatures of about 

jSCt -ed in the present ^T^S^S^^^^^T 

Using the heating techniques described more fully below permitting the stent to enter a rubbery phase 

mentally I a point near the glass-transitior ^^^^ t ^^^ plastically deformed and the shape 
that takes advantage of a lower elastic ^^^g^J^lJf^ or shrinkage) causes the 
stabilized priortoanyvisc^^ 
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invention below the glass-transition temperature causes the stent to fracture as a result of its brittle or glassy charac- 
teristics below the glass-transition temperature. This could be potentially hazardous, depending upon whether and 
how the stent fractures as a result of being expanded improperly. Thus, controlled heating and expansion of the stent 
is important to the invention, as it results in a circumferential drawing of the extruded stent, helping to orient the co- 
5 polymer molecules, and thereby enhances the modulus and strength of the materials, and ultimately the strength of 
the stent. 

The thermo-mechanical expansion of the stent is considered a processing step occurring in sjtu and concomitant 
with deployment. Thermo-mechanical expansion can be viewed as a low temperature drawing of the copolymer tube, 
which orients the polymer chains and crystallites circumferentiatly It is believed that this expansion method, used within 

?0 the temperature range of about 38-55°C, results in the preferential orientation of the polymer chains in the amorphous 
domains of the material. This low temperature drawing substantially increases the elastic modulus and strength of the 
stent, while stabilizing and maintaining the shape of the expanded stent under external loads. The degree of improve- 
ment of these properties depends on the draw ratio, measured as a function of the cross-sectional area of the annulus 
defining the end of the stent prior to and after expansion. The draw ratio should be above about 1 .2, and preferably 

*5 above about 2.0, and depends on the deployment method and material properties such as initial crystallinity and com- 
position. Desirable draw ratios desired for any particular material can be readily detennined by those skilled in the art. 

The copolymer used in the present invention may be obtained from Purac Biochem b.v. (Gorinchem, Netherlands) 
in the nominal ratios specified above. However, because of the presence of unreacted monomers, low molecular weight 
oligomers, catalysts, and other impurities, it is desirable (and, depending upon the materials used, may be necessary) 

20 to increase the purity of the copolymer over that which is commercially available. This purification process yields a 
copolymer of better-known composition, and therefore increases both the predictability of the mechanical character- 
istics of the stents made from such materials and the reliability of those stents. In the purification process, the copolymer 
is dissolved in a suitable solvent, such as methylene chloride. Other suitable solvents include (but are not limited to) 
ethyl acetate, chloroform, and tetrahydrofuran. The copolymer solution is mixed with a second material that is miscible 

2S with the solvent, but in which the copolymer is not soluble, so that the copolymer (but not appreciable quantities of 
impurities or unreacted monomer) precipitates out of solution. For example, a methylene chloride solution of the co- 
polymer may be mixed with heptane, causing the copolymer to fall out of solution. The solvent mixture then is removed 
from the copolymer precipitate using conventional techniques. 

To form the stent, the copolymer thus prepared is melted at a temperature sufficiently low to minimize polymer 

30 degradation in a conventional extruder, and extruded through a die to form a cylindrical tube of the desired wall thick- 
ness, inside and outside diameters. The stent may be cut to length on line while hot, or preferably is cooled before 
cutting. The molten extrudate is cooled preferably by quenching in air or in a temperature-controlled water bath to 
retain shape and strength-enhancing molecular orientation (along the long axis of the tube) that is introduced by the 
extrusion process. The extrusion and quenching processes also are used to control the degree of crystallinity of the 

35 extruded tube, by locking in the amorphous structure of the extruded polymer, thereby reducing the glass-transition 
temperature to fall within the desired range. Thus, after the extrusion process, the copolymers are nearly amorphous 
and have oriented molecular chains. 

The stents prepared in this way may be employed in the form in which they were extruded without further processing 
(i.e., a solid, unperforated tube), or they may incorporate perforations of such size, shape, and frequency so as to 

to enhance thermally-assisted mechanical expansion and allow regeneration of the vascular (or other) tissue. The per- 
forations may be machined using excimer or other lasers, for example, a 193 nanometer argon fluoride laser which is 
particularly useful to take advantage of certain absorption properties of the L-lactide-e-caprotactone copolymer. The 
laser pulses preferably at 40Hz and 100 mJ/pulse, dispersing energy at 0.7 J/cm 2 . The invention therefore does not 
rely upon a woven material to define perforations, which is an advantage because woven material potentially provides 

45 a site for thrombogenesis and bacteria colonization. In addition, deployment of woven polymer stents may be elusive, 
since polymers typically creep during the time when they are stored in a stressed position on the catheter. 

As a alternative to the extrusion process just described, the stents may be injection molded using conventional 
techniques, or may be formed using dip-coating techniques. In these embodiments, any desired perforations may be 
part of the mold or substrate for coating, or may be micromachined as described above. 

50 The orientation of the polymer chains and crystallites circumferentiatly, to improve the mechanic properties of the 

stent, is important. Conventional methods of processing do not allow circumferential orientation of polymer chains and 
crystal domains (Le., crystallites). One method to achieve this preferred orientation is to use a glass rod with a crystal- 
like film of poly(tetrafluoroethylene) (PTFE) deposited mechanically on the surface by known methods. The PTFE film 
should be deposited circumferentially on a glass rod having an outer diameter equivalent to the desired inner diameter 

55 of the stent. The copolymer from which the stent is made is dip coated onto the rod from either the melt or an appropriate 
solution, such as ethyl acetate or methylene chloride. Additionally, the formed tube may be heat treated to increase its 
crystallinity; for example, the tube may be heated at about 80-1 00°C for about 5 minutes. However, the crystallinity 
should remain low enough to allow low temperature expansion of the stent. The fabrication process is believed to orient 
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three minutes. 

Instead of a conventional balloon catheter, and depending upon the amount of time needed to heat the stent 
sufficiently to permit expansion, a perfusion catheter may be used so that the flow of fluids, such as blood, through the 
body lumen is not interrupted while the stent is being deployed. The perfusion catheter, by permitting blood flow through 

5 the affected region, also enhances convection cooling of the catheter and stent. 

Thus, to deploy the stent according to the present invention, the stent is placed in its unexpanded state along the 
periphery of a balloon portion of a balloon catheter, and inserted into the body lumen percutaneously where it travels 
through the body lumen to the desired site for deployment. The location of the stent at the desired site may be confirmed 
intraoperatively by radiography. Once at the desired site, the stent is heated for the requisite period of time until its 

10 temperature is above the glass-transition temperature of the copolymer, and the balloon then is expanded so that the 
stent expands to the required size. The heat source then is removed, and the stent cooled by convection and conduction 
until its temperature is reduced below the glass-transition temperature. (Alternatively, but less desirably, a cooling 
medium may optionally be introduced through the catheter to cool the stent below the glass-transition temperature. ) 
The stent may also be expanded slightly during this cooling process to fix the circumferential alignment of the polymer 

15 chains and prevent strain recovery (shrinkage) of the expanded stent. 

One such heating technique is described generally in Lee, United States Patent No. 5,292,321. However, the 
positive cooling step required by Lee is not needed in the preferred embodiment of the present invention. Rather 
convection cooling resulting from blood flow past the stent, and the conduction of heat from the stent into surrounding 
body tissues, are believed adequate to return the stent to a temperature below the glass-transition temperature. 

20 Another heating technique that may be used in the invention is described generally in Rappaport, United States 

Patent No. 5,470,352, as a balloon catheter including a microwave antenna. According to Rappaport, microwave energy 
first heats low water content materials, leaving high water content materials (such as body tissue) relatively unaffected. 
Because the stent made according to the invention is made from a low water content material, it will be heated pref- 
erentially by such a microwave antenna before body tissues are adversely affected. If such a heating technique is 

25 used, it may be desirable to modify the stent to include material enhancing the stent's absorption of microwave radiation. 

Alternatively, the microwave frequency and power may be adjusted to preferentially heat the amorphous domains 
and disordered defects within the crystalline domains. The selective heating may be achieved by using an alternating 
current field with a high frequency in the microwave region (e.g. , 2.45 GHz, 1 .5 kW) in a manner known to the art. The 
advantage of this method of heating is that low temperature microwave heat-drawing is believed to produce similar 

30 physical properties at lower temperatures than the other methods described herein, since the amorphous domains are 
selectively targeted. As previously mentioned, it is believed that the expansion observed within the temperature range 
of about 38-55°C is due to the orientation of the polymer chains in the amorphous domains. This method is believed 
to allow deployment with minimal transfer of heat to the surrounding tissue, and avoids the need for positive cooling. 
Another embodiment uses a balloon that is coated with a microwave sensitive material that selectively heats when 

35 exposed to microwave radiation. Heat transferred from this coating raises the temperature of the stent to permit thermo- 
mechanical expansion. 

In still another embodiment, the balloon may be coated with a dye or similar substance that heats upon exposure 
to electromagnetic radiation (such as ultraviolet light), which is introduced through the catheter using an optical fiber 
to heat the stent in situ. 

40 These embodiments reveal that the invention is not limited to a single method of deployment. Other heating and 

expansion methods besides those described may be used to carry out the invention in practice, however, it should be 
understood that the invention is limited to thermo-mechanical deployment techniques. 

The present invention has been described with respect to one embodiment, which is not meant to and should not 
be construed to limit the invention. Those skilled in the art will understand that variations from the embodiments and 

45 conditions described herein may be made without departing from the invention as claimed in the appended claims. 



Claims 

50 1 . An expandable, biodegradable stent for use within a body lumen comprising a hollow tube made from a copolymer 
of L-lactide and e-caprolactone that, in unexpanded form, is of a first diameter sufficient to be retained upon a 
balloon catheter for placement within the body lumen, and that is not plastically expandable at normal body tem- 
peratures, and that is expandable using thermo-mechanical means at a temperature between 38-55°C when the 
balloon catheter is inflated to a second diameter sufficient to be retained within the body lumen. 

55 

2. A stent as claimed in Claim 1 , wherein the molar ratio of L-lactide to e-caprolactone is in the range from 90: 1 0 to 98:2. 

3. A stent as claimed in Claim 1 or Claim 2, wherein the tube in imperforate. 
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, Cairn 2 wherein the tube is perforated, the perforations placed at a distance 
4. A stent as cfcimed in ^^^^ wrt hin the body iurnen. 
relative to each other correspond.ng to ceil mgro 

13 . method asc^imed in Caim 1 2 wherein the tube iscreated by extras,, 

m ■ ioim 1 p whGrein the tube is created by dip-coating. 

the tube using a laser, 
ratio ol the expanded stent is greater than 2.0. 
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FIG.1 
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FIG. 3 
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